Much evidence indicates that women have a higher risk of developing Alzheimer's disease (AD) than do men. The reason for this gender difference is unclear. We hypothesize that estrogen deficiency in the brains of women with AD may be a key risk factor. In rapidly acquired postmortem brains from women with AD, we found greatly reduced estrogen levels compared with those from age-and gender-matched normal control subjects; AD and control subjects had comparably low levels of serum estrogen. We examined the onset and severity of AD pathology associated with estrogen depletion by using a gene-based approach, by crossing the estrogen-synthesizing enzyme aromatase gene knockout mice with APP23 transgenic mice, a mouse model of AD, to produce estrogen-deficient APP23 mice. Compared with APP23 transgenic control mice, estrogen-deficient APP23 mice exhibited greatly reduced brain estrogen and early-onset and increased ␤ amyloid peptide (A␤) deposition. These mice also exhibited increased A␤ production, and microglia cultures prepared from the brains of these mice were impaired in A␤ clearance͞degradation. In contrast, ovariectomized APP23 mice exhibited plaque pathology similar to that observed in the APP23 transgenic control mice. Our results indicate that estrogen depletion in the brain may be a significant risk factor for developing AD neuropathology.
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amyloid deposition ͉ aromatase ͉ transgenic animal N europathological hallmarks of Alzheimer's disease (AD) include significant deposition of extracellular ␤ amyloid peptide (A␤) and presence of neurofibrillary tangles in the brain (1) . A␤ is derived from the two-step enzymatic processing of amyloid precursor protein (APP) in which ␤-secretase (BACE) cleaves the ␤-site of APP to release the N terminus of A␤, and the ␥-secretase protein complex cleaves the ␥-site of APP to release the C terminus of A␤ (2, 3) . Overproduction and progressive deposition of A␤ are known to underlie, in part, A␤ plaque formation, a key pathologic feature of AD. The initial cleavage of APP by BACE is critical for A␤ associated with AD neuropathology (4) . Recent studies have shown that BACE activity increases with age and is elevated in AD brains (5, 6) .
Impaired A␤ clearance and͞or degradation may also contribute to A␤ plaque formation. Our previous findings support this hypothesis: Microglia isolated from AD brains have impaired phagocytic activity, leading to reduced A␤ clearance (7) . Other groups have found that cytoplasmic A␤ granules in the plaque-associated glia and microglia participate in the clearance of A␤ in A␤-immunized AD patients and APP transgenic mice (8, 9) .
Two enzymes are involved in A␤ degradation and clearance: insulin-degrading enzyme (IDE) and neprilysin (NEP). IDE is expressed in high concentrations in the brain. Besides degrading insulin and several regulatory peptides, IDE also degrades the intracellular domain of APP and is responsible for degrading and clearing A␤ from the brain (10, 11) . Indeed, genetic linkage studies have shown that late-onset AD loci on chromosome 10q, specifically eight disease-associated single-nucleotide polymorphisms, are linked to certain 5Ј-flanking sequences of the IDE gene (12, 13) .
Additionally, a recent study has demonstrated that A␤ levels and A␤ plaque density are reduced in double transgenic mice overexpressing IDE and APP mutations (14) .
NEP, a plasma membrane glycoprotein, appears to be the principal A␤-degrading enzyme (15) (16) (17) . In the brain, NEP is expressed on the membranes of neurons. NEP mRNA and protein are significantly decreased in AD brains compared with agematched normal brains (18, 19 ). An age-related decline of NEP has also been reported in mouse hippocampus (20) . Interestingly, transcription of the gene that encodes NEP is regulated by various steroids, including progesterone and androgen (21) . A study in rat showed that ovariectom decreases NEP activity in the brain by 30%, and the decreased NEP activity can be ameliorated by estrogenreplacement therapy (ERT) (22) .
It is generally recognized that the prevalence of AD is higher in women (23) . Women tend to live longer than men, and the longevity effect might be a large factor in the preponderance of women with AD. In addition, lack of education is found to be negatively associated with AD risk. However, the female prevalence in AD remains after adjusting for age and education (24) (25) (26) and female hormone may, in part, also contribute to gender-related differences in AD. After menopause, the decline of estrogen levels in the brain may make neurons more susceptible to age-related neurodegenerative processes (27) . This hypothesis is supported by both clinical and basic studies. In vitro findings from cultured neurons suggest that estrogen may prevent AD pathogenesis by reducing A␤ production, protecting against A␤-induced cell death, and enhancing A␤ clearance (7, 28) . These findings are consistent with other clinical studies that suggest that ERT may reduce the risk or delay the onset of AD (29, 30) . However, recent clinical trials have found that estrogen-progesterone combination therapy provides no apparent benefits or even an increased risk for AD or dementia (31) . The reasons for these conflicting findings remain unclear.
Estrogens are synthesized in a number of human tissues. In the brain, estrogen is formed locally in neural tissue from the conversion of precursor androgens by aromatase, and estrogen may act only in a paracrine or intracrine fashion (32) . Although neurons and astrocytes both express aromatase, studies found that astrocytes are the major producer of dehydroepiandrosterone and androgens, whereas neurons are the major producer of estrogens (33, 34) .
Brain aromatase activity may be neuroprotective. Animal studies showed that inhibition of aromatase enhances kainic acid-induced neuronal cell death, whereas the enhancement could be prevented by estrogen treatment. In addition, aromatase gene knockout mice showed enhanced hippocampal neuronal loss in response to neu-rotoxins compared with WT mice (33) . The neuroprotective action of brain aromatase may be mediated by increasing local estrogen levels of injured neurons.
In the present study, we studied estrogen levels and aromatase expression in postmortem brains of female AD patients and examined the role of brain estrogen deficiency in AD-like neuropathology of transgenic mice. Our data suggest that brain estrogen deficiency may be a risk factor for developing AD pathology.
Materials and Methods
Human Brains. Human brain tissues were obtained from routine brain autopsies of subjects enrolled in the Sun Health Research Institute Brain Donation Program. AD was diagnosed by using criteria of the National Institute of Neurological Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ARDRDA) and was subsequently confirmed postmortem by a trained neuropathologist. Postmortem intervals for brain samples averaged 2.8 h (range, 2-3.5 h). Both AD subjects and non-AD control subjects were Caucasian females (mean age, 84 Ϯ 1.9 y and 84 Ϯ 2.0 y, respectively). We selected frontal cortex and cerebellum samples according to NINCDS-ARDRDA criteria. Serum samples were also collected antemortem from the same individuals for estrogen RIAs. None of the participants in our study had a history of ERT.
Experimental Mice. Mice were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Generation of the B6, D2-TgN (Thy1-APP23 Swe ) line of transgenic mice (APP23) and the aromatase gene knockout line of mice on a C57BL͞6 background were described (35, 36) . Heterozygous APP23 transgenic mice (APP23 ϩ/Ϫ ) were crossed with homozygous aromatase knockout mice (Ar Ϫ/Ϫ ), and the resulting APP23͞Ar ϩ/Ϫ offspring were intercrossed through brother-sister mating to obtain litter-matched genotypes (WT, APP23, and APP23͞Ar ϩ/Ϫ ) for the present study. Age-matched littermates having APP23 ϩ/Ϫ Ar ϩ/ϩ (APP23) and APP23 Ϫ/Ϫ Ar ϩ/ϩ (WT) genotypes were used as controls. Fourteen and ten 3-month-old APP23 mice were under bilateral ovariectomies [ovariectomized (OVX) APP] or sham surgery (SHAM APP), respectively. For ovariectomy, in brief, a longitudinal incision was made on the lower back in the midline at the level of the last rib. The uterine horns were tied with surgical silk, and the ovaries were cut and removed. The skin incision was closed by interrupted sutures.
Tissue Preparation and Immunohistochemistry. Female mice of each genotype were anesthetized, and their brains were quickly removed and bisected. For immunohistochemistry, tissue were either fixed with 4% paraformaldehyde or frozen at Ϫ80°C, then serially sectioned (15-30 m in thickness) in the sagittal plane with a Leica CA 1900 cryostat. Eight to 10 sections (Ϸ120 m apart) were immunostained for A␤ (rabbit anti-A␤-peptide; 1:250; Zymed) or for a microglia marker (monoclonal rat anti-mouse CD11b; 1:1,000; Serotec). Immunoreactivity was visualized by using 3,3Ј-diaminobenzidine as the chromogen (DAB Substrate kit, Vector Laboratories). Single and double immunostaining were documented by digital imaging and then processed with a Leica complementary software package (MAGNAFIRE SP).
Western Blot Analysis. To extract total protein, brain samples were homogenized in buffer containing 1% Nonidet P-40, 0.1% SDS, 50 mM Tris (pH 8.0), 50 mM NaCl, 0.05% deoxycholate, and protease inhibitors (Roche Molecular Biochemicals, Indianapolis). Extracts (40 g of protein) were subjected to electrophoresis, and separated proteins were transferred onto nitrocellulose membranes, which were then immunostained with the following primary antibodies: monoclonal anti-BACE (1:100; Calbiochem), anti-APP C-terminal fragment C99 [APPC8; 1:500; a gift from Dennis J. Selkoe (Harvard University School of Medicine, Boston)], polyclonal anti-IDE (1:1,000; Oncogene Research, San Diego), and anti-NEP (1:1,000; Chemicon). The membranes were incubated with peroxidaseconjugated secondary antibodies (1:1,000; Santa Cruz Biotechnology), and immunoreactive bands were visualized with an ECL system. Primary Neonatal Mouse Microglia Cultures. We prepared primary microglia cultures from the whole brains of neonatal Ar ϩ/Ϫ and WT mice (postnatal days 0-3) using previously described methods (7, 37) , with slight modifications. Briefly, brain tissue was mechanically dissociated and plated in 75-mm flasks coated with poly-L-lysine (0.1 mg͞ml) at a density of 5 ϫ 10 7 cells per flask. The mixture of cell types was grown for 10 days before harvesting microglia. The purity of the cultures was determined immunocytochemically with antibodies against the microglial marker CD45 (1:500; Santa Cruz Biotechnology).
A␤ Clearance and Phagocytosis Assay. We quantified microglial A␤ clearance and phagocytotic activity by measuring the fluorescence of internalized Fluo-A␤. Microglia isolated from Ar ϩ/Ϫ and WT animals were cultured in 96-well plates and treated with Fluo-A␤ as described in ref. 7 . Briefly, microglia pretreated with either 17␤-estradiol or vehicle for 24 or 48 h were incubated in the aggregated Fluo-A␤ solution for 24 h. Fluorescence in the conditioned medium and cell lysates was quantified with a Multilabel Counter (Wallac, Gaithersburg, MD; excitation, 480 nm; emission, 520 nm). Data were analyzed with EXPLORE software (Wallac).
Quantitative Analysis of Aromatase mRNA. Aromatase mRNA was quantified according to the methods of Honda et al. (37) . The total RNA fraction and aromatase mRNA in these samples was quantified by competitive RT-PCR. An internal standard RNA using modified aromatase human cDNA was mixed with the total RNA from our samples and amplified by PCR for 26 cycles with the following primers: a FAM-labeled sense primer (5Ј-TACTA-CAACCGGGTATATGG-3Ј) and an antisense primer (5Ј-TGTTAGAGGTGTCCAGCATG-3Ј). The FAM-labeled PCR products displayed two peaks, one corresponding to aromatase mRNA and the other corresponding to the internal standard RNA (Ϸ378 and Ϸ399 bp, respectively).
Estrogen RIA. Estrogen levels were determined with a competitive RIA method. We mixed 200 l of either serum or brain homogenate with 100 l of antiestradiol serum. After an incubation of 4 h at 4°C, we added [ 125 I]estradiol to this mixture, which was incubated for an additional 24 h at 4°C. Proteins were precipitated and then removed after centrifugation, and the radioactivity of the remaining supernatant was counted with a ␥ counter. The sensitivity of the estradiol RIA was 3.0 pg͞ml. BACE ELISA. The brain homogenate samples, including those used for Western blot analyses, were assayed in a double-blind manner. The BACE capture antibody used was affinity-purified SECB1 (1:1,000), and the detection antibody was biotin-labeled SECB2 (1:1,000). SECB1 and SECB2 are antibodies against two different N-terminal regions of human BACE (6) . BACE-transfected cell lysates were used as positive controls, and nontransfected and empty-vector-transfected cell lysates were used as negative controls. The sensitivity of the BACE ELISA was 8 pg͞ml.
BACE Enzymatic Activity Assays. Activity assays for BACE were performed by using synthetic peptide substrates containing either the APPwt BACE site [MCA-Glu-Val-Lys-Met-Asp-Ala-Glu-Phe-(Lys-DNP)-OH] or APPsw, in which Lys-Met are substituted with NL. In the MV mutant, M is substituted with V. Substrates were used at 50 mM, and reactions were performed in 50 mM [2-(N-morpholino)ethanesulfonic acid] with 50 mM acetic acid (pH 5.5). Enzymatic crude extracts and fluorescent-labeled peptides were incubated for various times at 37°C. The reaction mixtures were quenched and absorbed at 383 nm with a fluorescent plate reader.
A␤ ELISA. To quantify the levels of soluble A␤, mouse brains were homogenized in 0.1 M carbonate͞50 mM NaCl buffer, pH 11.5, containing 10 g͞ml leupeptin and 20 g͞ml aprotinin. Lysates were centrifuged at 16,000 ϫ g and 4°C for 20 min, and the supernatants were used for measurement of soluble A␤ with an ELISA kit for human A␤ 40 and A␤ 42 (BioSource International, Camarillo, CA). The pellets were dissolved in 5 M guanidine (in 50 mM Tris⅐HCl, pH 8.0) for 4 h at room temperature and used for measurement of insoluble A␤ 40 and A␤ 42 with an ELISA kit, as above. The final values were normalized to the amount of loaded wet tissue and analyzed for significance by using the Student t test.
Statistics. Data were expressed as means Ϯ SEM. Statistical analyses were performed with ANOVA followed by least significant difference post hoc analysis (multiple comparisons) or with an unpaired t test (pairwise comparisons). Pearson's correlation coefficients were used for correlational analyses. The level of significance was set at P Ͻ 0.05.
Results
AD patients had lower Mini-Mental State Examination (Psychological Assessment Resources, Lutz, FL) scores than did agematched, non-AD subjects (Table 1) . Postmortem neuropathological examination also revealed that the brains of the AD patients displayed a significantly higher density of plaques than did those of the non-AD control subjects.
Reduced Brain Estrogen Synthesis in Female AD Patients. To determine whether local estrogen synthesis in the brain is a critical risk factor for AD, we measured 17␤-estradiol levels in postmortem brain samples from 10 female AD patients and from 10 non-AD control subjects. We measured estrogen levels in frontal cortex and cerebellum lysates, because the frontal cortex is one brain region characteristically affected in AD, whereas the cerebellum is not. We also detected antemortem 17␤-estradiol serum levels in AD patients and non-AD subjects. Both brain and serum 17␤-estradiol were measured by RIA.
AD patients had significantly reduced levels of total and free brain estrogen (60% and 85%, respectively) compared with non-AD subjects (Table 1) . These findings were consistent with our RT-PCR analysis of aromatase mRNA in the frontal cortex and cerebellum, which revealed a significant reduction in the expression of aromatase in AD brains compared with that in brains from non-AD subjects. Interestingly, serum estrogen levels of the AD patients were not significantly different from those of the non-AD subjects. We also found that estrogen levels in frontal cortex and cerebellum samples from AD patients did not differ significantly from each other (data not shown).
APP23 Mice with an Aromatase Gene Knockout (APP23͞Ar ؉/؊ ) Have
Significantly Reduced Brain Estrogen. To further test the hypothesis that estrogen deficiency in the brain impacts AD pathogenesis, we examined estrogen levels in the brains and serum of estrogendeficient transgenic mice harboring AD-like neuropathology. These APP23͞Ar ϩ/Ϫ mice were generated by crossbreeding aromatase knockout mice with APP23 transgenic mice (AD mouse model). Control groups consisted of WT mice and OVX, shamoperated (SHAM), and naive APP23 mice, the latter conditions allowing us to compare brain versus peripheral estrogen levels. The uteri of 6-month-old APP23͞Ar ϩ/Ϫ females were partially underdeveloped; otherwise, there were no significant phenotypic alterations observed. RIA revealed that brain and serum estrogen levels of APP23͞Ar ϩ/Ϫ mice were very low, ranging from 8% to 22% of those measured in the APP23 or SHAM APP control mice. Reduced estrogen levels were detected in APP23͞Ar ϩ/Ϫ mice as young as 3 months of age and as old as 12 months of age (Fig. 1A) . There was no difference in the estrogen levels between APP23 and SHAM APP23 mice (Fig. 1B) . In contrast to APP23͞Ar ϩ/Ϫ mice, estrogen levels in brain homogenates from OVX APP23 mice were not decreased, being comparable with those from SHAM APP23 mice (Fig. 1B) . As expected, the serum estrogen levels of OVX APP23 mice were decreased, showing a 70-80% reduction of the levels of SHAM APP23 mice (Fig. 1B) . There was no difference in estrogen levels (serum and brain) between APP23 and WT mice, regardless of age. These results indicate that serum estrogen levels of APP23͞Ar ϩ/Ϫ mice mirror those of OVX APP23 mice, but, unlike the OVX mice, APP23͞Ar ϩ/Ϫ mice have dramatically reduced brain estrogen levels. female mice had developed A␤ plaques in cerebral cortex and hippocampus (Fig. 2C) . However, at this age, neither APP23 nor OVX APP23 mice had any sign of plaque formation ( Fig. 2 A and  B) . By 12 months, APP23 and OVX APP23 mice had developed plaques, but plaque pathology was not as advanced as that of APP23͞Ar ϩ/Ϫ mice (Fig. 2 D-F) . It is our impression that the size and density of plaques were qualitatively much greater in the APP23͞Ar ϩ/Ϫ mice. We observed no qualitative difference in plaque size and density between OVX and APP23 mice (Fig. 2 E  and D) , which is consistent with the findings of other studies (38, 39) . Widely distributed A␤ plaques with or without a distinct core were observed in the hippocampus and cortex of APP23͞Ar ϩ/Ϫ mice (Fig. 2F) .
Together, our data suggest that brain estrogen deficiency accelerates A␤ plaque formation in a transgenic mouse model of AD. To our knowledge, this is first study to report that estrogen deficiency may cause premature plaque formation in brains susceptible to AD neuropathology.
BACE Activity Is Elevated in the Brains of APP23͞Ar ؉͞؊ Mice. To determine whether estrogen depletion affects APP processing in vivo, we measured BACE protein levels, BACE enzyme activity, and A␤ levels in the frontal cortices of female WT, APP23, APP23͞Ar ϩ/Ϫ , and OVX APP23 mice. We found BACE activity to be elevated in APP23 mice compared with that in WT mice (Fig.  3A) . BACE protein levels in APP23 mice, however, were not elevated. By contrast, in APP23͞Ar ϩ/Ϫ mice (aged 3 and 6 months), both BACE activity and protein levels were elevated, being much higher than those observed in APP23 and WT mice (Fig. 3 A and  B) . BACE activity remained elevated in APP23͞Ar ϩ/Ϫ mice as old as 12 months; however, BACE protein in these mice decreased to levels comparable with those measured in WT and APP23 mice (Fig. 3 A and B) . No difference was observed in BACE protein levels of APP23 and APP23͞Ar ϩ/Ϫ mice, regardless of age (Fig.  3B) . The estrogen-depletion-related increase in BACE activity we observed in APP23͞Ar ϩ/Ϫ mice was confirmed by Western blot analysis of frontal cortex lysates for C99, a fragment produced from the BACE-catalyzed cleavage of APP (Fig. 3C) . As expected, we also observed increased steady-state levels of C99 in APP23͞Ar ϩ/Ϫ mice. In contrast, OVX APP animals (n ϭ 7 per age group) showed no significant difference in BACE protein level and activity in the brain compared with APP mice at any age groups (Fig. 3 A and B) .
Because the deposition of A␤ 42 is believed to play an important role in the formation of plaques in AD pathogenesis, we examined whether there was a specific relationship between BACE activity and protein levels and the deposition of different A␤ species in the brains of APP23͞Ar ϩ/Ϫ mice. We measured soluble and insoluble A␤ 40 and A␤ 42 using a newly developed A␤ ELISA (6). Combination urea gel͞Western blot analyses revealed that the brains of both APP23 and APP23͞Ar ϩ/Ϫ mice contained significantly higher levels of formic acid-extracted A␤ than did those of WT mice (Fig.  4B) . The brains of APP23͞Ar ϩ/Ϫ mice had higher levels of A␤ 40 and A␤ 42 than did APP23 mice, but this difference was not statistically significant. The ratio of A␤ 40 :A␤ 42 calculated from APP23͞Ar ϩ/Ϫ mice decreased with age, indicating that relatively more A␤ 42 was generated in older mice (Fig. 4A) . These data suggest that the estrogen-deficiency-induced acceleration of plaque formation may be due to increased BACE activity, A␤ 42 production, and A␤ aggregation. In OVX APP mice (n ϭ 7 for each age group), there is an increase in A␤ 40 concentration, not in A␤ 42, and a slight increase in A␤40:A␤42 ratio at 12 months of age compared with APP mice (Fig. 4A) . Fourteen APP23 mice were OVX at 3 months of age. At age of 6 or 12 months, animals were killed and brains were prepared for immunohistochemistry. Shown is anti-A␤ (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (6E10 clone antibody) immunostaining of sagittal brain sections from APP23 (n ϭ 10; A and D), OVX APP23 (n ϭ 7; B and E), and APP23͞Ar ϩ/Ϫ (n ϭ 10; C and F) mice aged 6 (A-C) and 12 (D-F) months. Fig. 3 . Expression of BACE activity and protein in mice with age. At 3, 6, or 12 months of age, brain from APP23 (n ϭ 10) and APP23͞Ar ϩ/Ϫ (n ϭ 13) mice were prepared for enzyme activity and Western blot. The OVX APP mice (n ϭ 14) were OVX at 3 months, and brains were harvested only at 6 or 12 months of age. (A) BACE activity was detected by detection of fluorescent-labeled peptides. (B) BACE protein levels were measured by Western blot by using monoclonal anti-BACE and were normalized according to those of a ␤-actin control. Bars indicate the mean ratio of BACE͞␤-actin integrated optical density values (IDV). (Inset) Western blot of 6-month-old mice. (C)Representative immunoblots were immunostained with APPC8, an antibody against the APP C-terminal fragment C99 that results from BACE cleavage of APP, in WT, APP23, and APP23͞Ar ϩ/Ϫ mice at various ages. * , P Ͻ 0.05; ** , P Ͻ 0.01 (compared with WT mice). ##, P Ͻ 0.05 (compared with APP23 mice).
APP23͞Ar ؉/؊ Mice Have Impaired A␤ Clearance͞Degradation. In addition to examining A␤ production, we also investigated the effect of estrogen depletion on A␤ clearance by measuring microglia activation and phagocytotic activity. Table 2 , which is published as supporting information on the PNAS web site, indicates estrogen levels in WT and Ar ϩ/Ϫ mice at 6 months of age. Microglia isolated from Ar ϩ/Ϫ and WT mice were incubated with fluorescent-labeled A␤ (Fluo-A␤) for 3, 6, or 24 h. We found a decrease in A␤ clearance in microglia cultures from the Ar ϩ/Ϫ mice after incubation with Fluo-A␤ for 6 or 24 h compared with cultures from WT mice (Fig.  5B , which is published as supporting information on the PNAS web site). However, the impaired A␤ clearance of Ar ϩ/Ϫ -derived microglia was reversed by adding 17␤-estradiol (100 nM) into the culture medium and incubating for 24 h. An estrogen receptor antagonist, ICI 182,780 (10 M), only partially blocked the action of estrogen (Fig. 5B) . The estrogen-deficiency-induced impairment of A␤ clearance was further confirmed immunohistochemically. We observed fewer activated microglia surrounding plaques in cortex from APP23͞Ar ϩ/Ϫ mice than that from APP23 mice (Fig.  5A) . Some A␤ fibrils appeared to be inside the microglia, but, because the cell membrane was not always visible, they may have been surrounded by the activated microglia. Taken together with our other results, it seems that the premature or accelerated A␤ plaque formation associated with estrogen deficiency might be related to an increase in A␤ production combined with decreased A␤ clearance.
To determine whether A␤ degradation is impaired in APP23͞ Ar ϩ/Ϫ mice, we measured the expression of NEP and IDE, two A␤-degrading enzymes, in the brains of these mice (n ϭ 10 for each genotype). Western blot analyses revealed decreased IDE and NEP expression in 6-month-old APP23͞Ar ϩ/Ϫ mice as well as in 12-month-old ArKO mice (Fig. 5 C and D) . IDE and NEP expression in WT and APP23 mice was not significantly different.
Discussion
The results presented here suggest that reduced brain estrogen production might be a risk factor for developing AD neuropathology. To our knowledge, this is the first report with direct experimental evidence establishing such an association. In support of this conclusion, we first demonstrated a robust reduction of brain 17␤-estradiol levels in frontal cortex homogenates prepared from rapidly acquired postmortem brain tissue of women with AD. Examination of total 17␤-estradiol levels also revealed that female AD patients had significantly reduced levels of free or biologically active estradiol. In the same AD and non-AD individuals, we found no difference in antemortem serum estrogen levels. Our data suggest the possibility of a brain-specific estrogen deficiency in AD patients. Because both total and free estrogen levels were low in brains from female AD patients, it is likely that local estrogen synthesis is impaired in the AD brain.
Although a recent clinical trial of estrogen-plus-progestin therapy failed to demonstrate any beneficial effect on treating AD symptoms (31), much evidence indicates that estrogen plays neuroprotective roles in the brain (29, 30) . It has been suggested that postmenopausal women have a higher risk of developing AD and that the decline of circulating estrogen after menopause might underlie this increased risk. However, findings from previous studies of serum estrogen levels in AD have been controversial. Because of the great decline in the ovarian production of estrogen in menopausal women, other sites of estrogen biosynthesis become major sources of estrogen; these include adipose, skin, bone, and brain. Thus, circulating levels of estrogen in postmenopausal women might not represent estrogen action, because this estrogen originates in extragonadal sites where it acts locally, rather than directly by entering the circulation (40) . Furthermore, because AD manifests itself primarily as a brain disease, local brain estrogen synthesis and brain estrogen levels might be more relevant in the search for the role of estrogen in disease. Thus, our demonstration of a brain estrogen deficiency in female AD patients, and the previously demonstrated neuroprotective effects of estrogen, suggest that further clinical trials of experimentally administered ERT are warranted as a possible AD treatment.
In the present study, we also investigated estrogen biosynthesis in cerebral cortex of AD and non-AD patients by measuring mRNA expression of aromatase, a key enzyme responsible for estrogen synthesis in the brain. We found a large reduction of aromatase mRNA levels in the brains of female AD patients compared with those of non-AD subjects. Moreover, there was a significant negative correlation between aromatase mRNA levels and amyloid plaque density, further strengthening the notion that local estrogen synthesis, and thus presumably estrogen activity, may be neuroprotective in the AD brain by interfering with plaque formation. This association remained after controlling for age and education level.
Extensive evidence indicates that aromatase may be critical for protecting neurons from death in various brain injuries through its increased induction, which results in the subsequent local conversion of androgen to estrogen at injured sites (33) . Aromatase deficiency in effect may decrease the threshold for neurodegeneration (33). Furthermore, depletion or inhibition of aromatase can enhance various kinds of neurotoxin-induced damage to neurons (41) . The present study investigates brain estrogen and aromatase mRNA expression in AD. Our mRNA expression data indicate that the low levels of brain estrogen in female AD patients may be due to impairment of aromatase expression. This finding is consistent with recent genetic studies suggesting that genetic variation in the brain aromatase gene may modify the risk for several diseases, including AD (41, 42) . These, together with our present findings of low aromatase mRNA expression in AD brains, suggest that brain estrogen deficiency in postmenopausal women may disproportionately expose older women to the neurodegenerative processes underlying AD. Further genetic and molecular studies on estrogen synthesis in the AD brain will be needed to determine whether this is a direct link.
Seeking to understand this hypothesized link in more detail, we developed a transgenic animal model that overexpresses APP and lacks the estrogen synthesis enzyme aromatase. APP23͞Ar ϩ/Ϫ mice uniquely display significantly reduced levels of 17␤-estradiol in both serum and brain compared with OVX APP23 mice, which display only reduced serum 17␤-estradiol levels. In the present study, we showed that systemic, lifelong estrogen deficiency in APP23͞Ar ϩ/Ϫ mice is associated with early-onset plaque formation in the brains of these mice. APP23͞Ar ϩ/Ϫ mice as young as 6 months displayed distinct amyloid plaques in frontal cortex. Plaques eventually developed in the hippocampus at a later age. In contrast, OVX APP23 mice did not display plaques until they reached 9 months of age or older, which is consistent with other reports (38, 39) . Taken together, these results suggest that brain estrogen deficiency accelerates A␤ plaque formation. These results also show that APP23͞ Ar ϩ/Ϫ mice provide a unique in vivo system for examining the effects of brain estrogen depletion on amyloid neuropathology.
Recent findings have suggested that BACE plays a critical role in AD neuropathogenesis (43) . Consistent with these are our observations that BACE protein expression and enzyme activity, as well as A␤ 40 and A␤ 42 levels, are elevated in the brains of APP23͞Ar ϩ/Ϫ mice. APP23͞Ar ϩ/Ϫ mice as young as 6 months displayed a significant increase in BACE activity; this increase was correlated with increased A␤ levels and the early appearance of plaques in the brains of these mice. These results suggest that the early-onset AD neuropathology in APP23͞Ar ϩ/Ϫ mice associated with brain estrogen deficiency may be mediated by increased BACE activity and accelerated A␤ production.
A number of studies have demonstrated that aggregated A␤ is removed from extracellular compartments by microglia (7, 44) . In vivo multiphoton imaging has demonstrated that activated microglia are involved in the clearance of A␤ plaques (44) , which is consistent with a growing body of literature that associates the activation of microglia with a reduction in A␤ deposition in transgenic mouse models (45) . Activated microglia play an important role in local cell-mediated immunity (e.g., phagocytosis) and are also potent sources of reactive oxygen and other molecules that may be responsible for damaging neurons in various neurodegenerative diseases (46) . Indeed, we observed that microglia-associated clearance of A␤ was greatly reduced in estrogen-deficient aromatase knockout mice, further supporting our hypothesis that the accelerated amyloid plaque formation we observed in the present study may, in part, be due to the estrogen-depletion-associated accumulation of A␤.
Extracellular A␤ aggregates have also been shown to be degraded by IDE and NEP in vivo (10, 11) . In the present study, we found decreased IDE and NEP levels in the brains of APP23͞Ar ϩ/Ϫ mice. The reduction of IDE at the age of 6 months is correlated with the early plaque formation in the APP͞Ar ϩ/Ϫ mice. Although there is no clear explanation for the reduction of IDE and NEP in these mice, our observation is consistent with the findings that NEP and IDE levels are reduced in AD brains (18, 19) . The formation of plaques in our APP23͞Ar ϩ/Ϫ mice is also consistent with the finding that IDE and NEP protein levels and activity are reversely correlated with amyloid plaque burden (14, 18, 19) . In addition, recent studies found that ERT reduced NEP activity in rat brain (22) and that the quantity and activity of IDE were decreased in rat uterus when OVX and increased after treated with estradiol (47) . These studies suggest that estradiol may be important factor for the expression and regulation of NEP and IDE in the brain and uterus.
Taken together, our findings indicate that the combination of overproduction of A␤ and the impairment of A␤ clearance at an early age might be critical for the AD-like amyloid neuropathology in the APP͞Ar ϩ/Ϫ mice.
